In Pseudomonas aeriginosa, a gene, ppx, that encodes exopolyphosphatase [exopoly(P)ase; EC 3.6.1.11] of 506 amino acids (56,419 Da) was found downstream of the gene for polyphosphate kinase, ppk. Since ppx is located in the opposite direction of the ppk gene, they do not constitute an operon. The predicted amino acid sequence of PPX is 41% identical with Escherichia coli PPX. The gene product of ppx (paPPX) was overproduced in E. coli, and its activity was evaluated. Orthophosphate (Pi) is released from polyphosphate [poly(P)], the average chain lengths of which are 79 and 750, respectively. The amount of P; released matched the amount of poly(P) lost. Thus ppx encodes an enzyme that has exopoly(P)ase activity.
Introduction
Inorganic polyphosphate [poly(P)] includes linear polymers of orthophosphate with chain lengths of up to 1000 or more.
1 ' 2 Poly(P) has been found in every living thing, from bacteria to mammals, so far examined. 2 Several biological functions have been suggested for cellular poly(P), including a reservoir for phosphate and energy, a chelator of metal ions, a buffer against alkali, a channel for DNA entry and a regulator for gene expression. 2 In Escherichia coli, poly(P) has been shown to induce the expression of the rpoS for the stationary phase specific sigma factor of RNA polymerase. 3 Several enzymes that contribute to the metabolism of poly(P), including polyphosphate kinase (PPK), 4 exopolyphosphatase [exopoly(P)ase], 112 endopolyphosphatase, 5 polyphosphate glucokinase 6 and poly(P): AMP phosphotransferase, 7 have been identified. PPK is an enzyme responsible for the synthesis of poly(P) polymerizing the terminal phosphate of ATP to a poly(P) in a freely reversible reaction. 4 The genes for PPK have been cloned from several bacteria, 8 " 11 and sequence analyses have shown that, in E. coli, the ppk gene constitutes an operon with the ppx gene, and that this operon encodes exopoly(P)ase. 12 Exopoly(P)ase, one of the main enzymes that degrades poly(P) and release orthophosphate (Pi) from the ends of poly(P), is widely distributed 19 In the course of analyzing clones of the Pseudomonas aeruginosa ppk gene, 11 an amino acid sequence of an adjacent gene was found to be highly homologous to that of exopoly(P)ase identified in E. coli. Here, we report the identification of the P. aeruginosa ppx gene (ppx), its DNA sequence, its overexpression in E. coli, and its activity.
Materials and Methods

Materials
E. coli strain XLl-Blue (Stratagene) served as a strain for overproducing paPPX and was also the host strain for preparation of plasmid DNA. pTrc99A 20 was from Pharmacia Biotech. Poly(P) with an average length of 79 residues [Poly(P)7g] was obtained from Sigma. A polyethyleneimine-cellulose thin layer chromatography plate (PEI-TLC plate) was purchased from Merck. [ 32 P]Poly(P) was obtained by synthesis from [7- 32 P]ATP using purified E. coli PPK, 4 and this material had a chain length of approximately 750. 
Sequencing of
Overproduction of paPPX
Using two specific oligonucleotides (5'-CATGCCATG-GACTTGCAAAGCATGCCG-3' and 5'-CGGGATCCT-TACCGCACGTTGAGGCTGTAG-3'), a 1.5-kb DNA fragment containing the intact open reading frame of paPPX with a Nco I site at the 5' end and a BamHI site at the 3' end was amplified by PCR. The amplified fragment was cloned into the pTrc99A 20 expression vector to give pTrcpaPPX. The ppx gene was integrated downstream of the trc promoter that is inducible by isopropyl /3-D-thiogalactopyranoside (IPTG). E. coli XL1-Blue transformed by pTrcpaPPX was cultured in LB broth with 100 /ig/ml of ampicillin at 30° C until the mid-logarithmic growth phase. Then IPTG was added to the final concentration of 1 mM and continuously cultured for 6 hr. Cells were harvested by centrifugation, and the cell pellet was suspended with 10 ml of 20 mM Tris-HCl (pH 7.5) and 2 mM MgCl 2 . To prepare the total cell extract for sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE), a small portion of the cell suspension (50 fil) was removed and added to 50 fil SDS-PAGE sample buffer. 22 The main portion of the cell suspension was dispersed by sonication, and 20 /Ug/ml DNasel and 20 //g/ml RNaseA were added. After 1 hr incubation at 4°C, the cell extract was centrifuged at 30,000 x g for 1 hr. The resulting supernatant was used for exopoly(P)ase assay as the crude cell lysate.
2.4-Assay for exopoly(P)ase activity
Exopoly(P)ase activity was measured by the following two methods [The concentration of poly(P) is given in terms of P, residues]: 1) The assay mixture (20 /xl) containing 20 mM HEPES-KOH (pH 7.2), 4 mM MgSO 4 (buffer A) and 0.36 mM [ 32 P]poly(P) was incubated at 37°C for 1 hr with cell extracts (4.58 /ig protein). The P; released from poly(P) was separated by ascending thin layer chromatography on PEI-cellulose in 0.4 M LiCl and 1 M formic acid and quantitated by a radio-image analyzer (BAS2000, Fujix). 2) Exopoly(P)ase activity was also assayed by directly measuring the amount of P; released from poly(P). The reaction were performed at 37°C in buffer A containing 0.15 mg of cell lysate with or without 0.3 /jmol poly(P)79 in 0.3 ml of reaction mixture. Pj was quantitated according to the method of Chen et al. 23 The P; released from poly(P) was calculated by subtracting the Pj value of the reaction mixture without poly(P) from that with poly(P). n carrying the ppx and ppk genes. The region that was sequenced is indicated by a dotted line with arrows. The ppx and the ppk genes are indicated by bold arrows. B, BamHI; Bg, Bgl II; E, EcoKl.
Results and Discussion
Identification of gene encoding paPPX
We previously cloned the P. aeruginosa ppk gene in a plasmid pPPK02F which carries a 6.8-kb fragment of chromosomal DNA of P. aeruginosa PAOl. 11 The nucleotide sequencing analysis of the downstream region of ppk showed that there is an open reading frame (ORF) in the opposite direction of the ppk gene (Fig. 1) . The ORF is composed of 1518 bp encoding a protein of 506 amino acids, and 14 bp overlapped with the 3'-terminus of the coding region of the ppk gene ( Fig. 2A) . Two possible initiation codons were observed at nucleotide positions 181-183 (ic-1) and 196-198 (ic-2) (Fig. 2A) . The Shine-Dalgarno sequence for ic-1 is 5 bp-matched with the 3'-terminus of 16S RNA of P. aeruginosa (3'-AUUCCUCUC), 24 while the Shine-Dalgarno sequence for ic-2 is 4 bp-matched. Therefore, ic-1 is more likely than ic-2 to be an initiation codon, although there may be two species of paPPX that are initiated from ic-1 and ic-2, respectively, in the cells. A computer-aided homology search using the FASTA program 25 revealed that paPPX is 41% and 40% identical with E. coli PPX and E. colt GppA, respectively (Fig. 2B ). E. coli gppA was first identified as a mutant lacking the ability to hyrdolyze the 5'-7-phosphate of guanosine pentaphosphate (pppGpp). 26 GppA not only has pppGpp phosphohydrolase activity but also exopoly(P)ase activity. 13 Since E. coli PPX also has pppGpp phosphohydrolase avtivity, and since these three proteins are significantly homologous to each other, paPPX may also have pppGpp phosphohydrolase activity.
Overproduction of paPPX
For overexpression of paPPX in E. coli, the gene was amplified by PCR, and an expression plasmid pTrcpaPPX was constructed, as described in Section 2.3. The plasmid pTrcpaPPX allowed IPTG-inducible production of the paPPX protein, and the translation of ppx starts from ic-1 ( Fig. 2A) . The total cell extract was analyzed by SDS-PAGE, and a protein with a molecular mass of about 60 kDa, corresponding to the calculated mass of paPPX, was overproduced (Fig. 3, lane 2) . 
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Exopoly(P)ase activity of cell lysate that overpro-for 1 hr (lane 3), whereas 1.7% of conversion was observed
duces paPPX in the reaction mixture containing cell lysate of vector To confirm that the ppx homologue encodes ex-(pTrc99A) only transformants (lane 2). The specific acopoly(P)ase, the poly(P) degrading activity of crude cell tivity of paPPX overproducing cells is 28-fold greater lysate overproducing paPPX was measured. PaPPX was than that of vector only transformants. overproduced in E. coli transformed by the plasmid pTrc-
The exopoly(P)ase activity of paPPX overproducing paPPX as described in Section 3.2. As shown in Fig. 4A , cell lysate was also measured by quantitating the amount about 47% of the [P 32 ]poly(P) was converted to Pj by in-of P s released from poly(P) whose average chain length cubating with 4.58 /u,g of cell lysate overproducing paPPX is 79. The time course of poly(P) degradation is shown [ in Fig. 4B . Poly(P) was almost completely hydrolyzed and formed orthophosphate after 1 hr of incubation with cell lysate containing paPPX. The amount of P; released matched the amount of poly(P) lost. These results indicate that the ORF located downstream of the ppk gene in P. aeruginosa indeed encodes exo-type polyphosphatase, which hydrolyzes poly(P) to orthophosphate. In E. coli, ppx is located downstream of ppk, and the two genes constitute an operon; no promoter was identified between ppk and ppx. 12 This means that the level of poly(P) degradation activity by PPX is always dependent on the poly(P) synthetic level of PPK. On the other hand, the ppx homologue is located in the opposite direction of ppk in P. aeruginosa. This difference may account for the difference in the poly(P) level in each bacteria. Indeed, the poly(P) accumulation in P. aeruginosa PAO1 is several-fold greater than that in E. coli. 27 The independent regulation of ppk and ppx in P. aeruginosa might be important for accumulating much more poly(P) in cells, since it is possible to regulate the PPX enzyme level without being dependent on the level of PPK.
Kuroda and Kornberg 28 suggested that poly(P) accumulation in E. coli cells is dependent on the level of guanosine tetraphosphate (ppGpp), which is a competitive inhibitor of PPX. In addition, an increased level of cellular poly(P) in response to the nutritional stress of amino acid starvation is not accompanied by significant changes in the activities of PPK and PPX. 28 This means that the regulation of PPX activity in the cell is crucial for regulating the poly(P) level in E. coli. While the PPX inhibitor might be necessary for regulating the poly(P) level in E. coli, independent regulation of ppk and ppx expression may not require such a inhibitor in P. aeruginosa. One hypothesis is that, ppk mRNA and ppx mRNA inhibit the translation of each other because each mRNA acts as the antisense RNA of each gene. In any case, further analyses of the expression regulation of ppk and ppx would contribute to the elucidation of poly(P) metabolism in bacteria.
